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A family of novel adenovirus type 5-simian virus 40 (Ad5-SV40) recombinants
(Ad5**D1) whose genomes consist of symmetrically inverted structures was
isolated. Particles of Ad5**D1 could contain one of several recombinant genomes
that differed incrementally from one another by a full-length copy of linear SV40
DNA. The members of the Ad5** D1 family appeared to be in genetic equilibrium
with one another. In all probability this equilibrium was maintained by homolo-
gous recombination, resulting in the loss or gain of one or two unit length copies of
the SV40 genome. The genome of the most abundant recombinant form consisted
of a giant inverted repeat which was some 35,000 nucleotide pairs in length.
Beginning from one end, the recombinant genome consisted of 3,534 nucleotides
derived from the left end of the adenovirus type 5 genome; these nucleotides were
joined to 2.7 copies of SV40 DNA arranged as head-to-tail tandems. This entire
structure was then repeated in the opposite orientation, thereby forming a large
inverted repeat whose structure was AdS-SV40-SV40-04VS-04VS-5dA. The pop-
ulation of hybrid genomes was stable and was maintained through serial rounds of

infection.

Adenovirus-simian virus 40 (SV40) hybrids
were isolated during the 1960s when human
adenoviruses were grown in cultures of simian
cells now known to have been contaminated
with SV40. Human adenoviruses normally do
not replicate in simian cells; however, for rea-
sons that are not understood, the 80 amino acids
comprising the C-terminal portion of the SV40
large T antigen carry a helper function that
renders simian cells fully permissive to human
adenoviruses (4). Although the genomes of these
two viruses share no detectable homology, long-
term cocultivation of SV40 and adenovirus al-
iows the formation of recombinants whose ge-
nomes consist of SV40 sequences covalently
attached to adenovirus DNA (1, 9).

Virtually all of our knowledge of the molecu-
lar biology of adenovirus-SV40 hybrids has
come from analyses of the various components
of a strain of virus called Ad2**, which was
derived in 1956 by passing adenovirus type 2
sequentially seven times in rhesus monkey kid-
ney cells. As we now know, Ad2** contains
wild-type adenovirus type 2, complete SV40
virions, and hybrids of many different sorts (17).

All adenovirus-SV40 hybrids studied so far
have suffered a deletion of adenovirus se-
quences at the site of SV40 insertion. Depending
on the length and genomic location of the de-
leted sequences, the hybrid may be nondefective
and grow unassisted, or it may be defective and
dependent on a helper adenovirus for growth.
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Those hybrids with the largest deletions of ade-
novirus often contain SV40 sequences arranged
in the form of a tandem repetition (e.g.,
Ad2**HEY and Ad2**LEY) (10). Simian cells
infected with such hybrids often yield infectious
SV40, which originates by excision from the
hybrid genome. The mechanism by which exci-
sion occurs is unknown, but the simplest hy-
pothesis is that the free SV40 genomes arise by
intramolecular, homologous recombination be-
tween elements of the SV40 tandem array (10).
However, the existence of the tandem array also
allows a different form of recombination to oc-
cur, namely, unequal cross-over between hybrid
genomes. Such recombinational events yield
two new hybrids, which have one less and one
more SV40 genome than the parent molecules.
Thus, the hybrids with tandem arrays of SV40
DNA exist as populations whose components
are in genetic equilibrium with one another (18).

In different hybrids, the SV40 DNA can be
carried in the adenovirus genome in either of the
two possible orientations and may be inserted in
either the early or late adenoviral genes. A
comparison of the structures of different natural
hybrid DNAs by restriction endonuclease diges-
tion or heteroduplex analysis has shown that the
junctions between SV40 and adenovirus DNA
can occur in many different locations in both
viral genomes.

In this paper we describe the isolation of a
novel adenovirus type 5-SV40 (AdS5-SV40) hy-
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brid (Ad5S**D1), which is different from any
adenovirus-SV40 hybrid so far described but is
similar in structure to a host-substituted adeno-
virus type 12 genome (3). The genome of
Ad5**D1 consists of a symmetric inverted re-
peat which is some 35,000 base pairs in length.

MATERIALS AND METHODS

Cells. CV-1 cells, a line of African green monkey
kidney cells, and HeLa cells, a line of human carcino-
ma cells, were cultured in plastic dishes in the Dul-
becco modification of Eagle medium as described
previously (7).

Viruses. A population of Ad5-SV40 hybrid viruses
(seventh passage of adenovirus type S in rhesus mon-
key kidney cells) was a gift from W. P. Rowe. The
adenovirus type 5 used as wild type in these experi-
ments was isolated from this stock as described below.
Plaque titrations of adenovirus type 5 were performed
as described by Williams (20) on monolayers of HeLa
cells. Plaque assays of AdS-SV40 hybrid virus were
performed on CV-1 monolayers. Plaques generally
developed on both cell types after incubation for 5 to 7
days at 37°C.

Large quantities of the defective Ad5-SV40 hybrids
were prepared by infection of CV-1 cells in plastic
dishes (30 to 40 by 90 mm; Falcon Plastics). After 54 h
at 37°C, the cells were washed with ice-cold phos-
phate-buffered saline and concentrated by centrifuga-
tion. Virus particles were isolated as described by
Lonberg-Holm and Philipson (11) and then purified by
CsCl buoyant density centrifugation.

Isolation of viral DNA. Intracellular DNAs of adeno-
virus type 5 or Ad5** D1 were extracted from infected
CV-1 cells 30 h postinfection by a modified Hirt
procedure (8). Cells were incubated at 37°C for 2 h
with lysis buffer (0.6% sodium dodecyl sulfate, 10 mM
EDTA) containing 1 mg of pronase per ml. NaCl was
added to final concentration of 1 M, and after 4 h or
more on ice, viral DNA was separated from cellular
DNA by centrifugation at 20,000 rpm for 30 min at 4°C.

The DNAS of adenovirus type 5 and Ad5** D1 were
isolated from purified virus particles as described by
Pettersson and Sambrook (14). SV40 DNA was isolat-
ed by the Hirt procedure (8), and component I DNA
was purified by ethidium bromide-CsCl gradient cen-
trifugation.

Snapback of viral DNA. DNA was denatured in 80%
formamide- 3x TE (30 mM Tris, 3 mM EDTA) at 68°C
for 5 min (10 pg in 0.35 ml). The solution was then
adjusted to 50% formamide-3x TE and was placed on
ice for 30 min to allow snapback of the DNA to occur.

S1 nuclease digestion. Viral DNA treated as de-
scribed above was digested for 30 min at 37°C with 30
U of S1 nuclease in 0.5 ml of solution containing 0.25
M NaCl-0.03 M sodium acetate (pH 4.6)-0.001 M
ZnSO,.

Restriction enzyme analysis. DNAs were digested
with restriction endonucleases BamHI, Haell, Tacl,
EcoRl, Bgll, Taql, Hpall, Smal, Xbal, HindIll, Sstl,
Kpnl, and Bglll by using previously published proto-
cols (New England Biolabs or Bethesda Research
Laboratories). The products of digestions were sub-
jected to electrophoresis on horizontal 0.7 or 1.0%
agarose gels and transferred to nitrocellulose filters by
the method of Southern (15). Filters were hybridized
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to 3?P-labeled DNA probes prepared by nick transla-
tion with four a-32P-labeled deoxynucleoside triphos-
phates as described previously (12) at 68°C for 6 to 24
h. The filters were washed in 2x SSC (1x SSC is 0.15
M NaCl plus 0.015 sodium citrate) containing 1%
sodium dodecyl sulfate at 68°C for 1 to 2 h, and
autoradiographs were then made.

Pregaration of nitrocellulose filters for rehybridiza-
tion. *?P-labeled DNA probes were removed from
filters which were to be rehybridized by treatment
with a solution containing 50% formamide, 50 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid) (pH 7.0), 3x SSC, and 100 pg of salmon
sperm DNA per ml at 68°C for 1 h. The nitrocellulose
filters were then washed with 2X SSC and hybridized
to the appropriate 3?P-labeled DNA probe.

RESULTS

Isolation of Ad5**D1. The scheme used to
isolate Ad5™ *D1 is shown in Fig. 1. Preparation
30498 was a virus stock obtained by W. P. Rowe
and associates in 1956 by passing adenovirus
type 5 sequentially seven times in primary cul-
tures of rhesus monkey kidney cells. When we
received the preparation in 1978, its titer was
very low on both simian (CV-1) and human
(HeLa) cells. In fact, the only virus that could be
detected easily was SV40. Therefore, the origi-
nal stock was amplified by two sequential pas-
sages in HeLa cells, a regimen that was expect-
ed to increase the titers of the parental
adenovirus type S and any nondefective hybrid
viruses and to select against SV40 and defective
hybrid viruses. This stock contained adenovirus
type 5 without nondefective hybrids, as shown
by the appearance of plaques on HeLa cells but
not on CV-1 cells. The virus stock derived in this
way was then used as a helper for the growth of
preparation 30498 in CV-1 cells. The resulting
stock was assayed by plaque formation on
monolayers of CV-1 cells in the presence and
absence of SV40 antiserum and also on HeLa
cells. Plaques with typical adenovirus morpholo-
gy appeared after 5 days and were counted after
8 days of incubation. Plaques with typical SV40
morphology appeared and were counted 3 days
later. Most of the stock consisted of adenovirus
type 5, and most of the virus capable of forming
plaques on monolayers of CV-1 cells was SV40.
However, 1% of the plaques arising after 5 days
of incubation on CV-1 cells were adenovirus-like
in their morphology and were not inhibited by
SV40 antiserum. Individual plaques were picked
and used to prepare virus stocks. Cultures of
CV-1 cells were infected with these viruses, and
after incubation for 35 h viral DNA was extract-
ed by the method of Hirt (8). Viral DNAs were
analyzed by restriction enzyme digestion, gel
electrophoresis, and Southern hybridization. Six
stocks were examined, and these six stocks
yielded identical results. An analysis of two of
these stocks is shown in Fig. 2. There were at
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FIG. 1. Scheme used to isolate Ad5**D1. To increase the titer of the wild-type adenovirus type 5, the
original virus stock was passed twice on HeLa cells and then used as helper with the original stock to infect CV-1
cells. The lysate from this infection was assayed for plaque formation on CV-1 and HeLa cells and on CV-1 cells
with SV40 antiserum. Plaques exhibiting adenovirus morphology appeared 5 days after infection and were
counted after 8 days. SV40 plaques appeared and were counted 3 days later. Six plaques that appeared on CV-1
cells in the presence of SV40 antiserum were isolated and analyzed. AdS, Adenovirus type 5; CPE, cytopathic

effects; MKTC, monkey kidney tissue culture.

least five bands present in the undigested hybrid
DNA, all of which contained SV40 sequences,
as shown by hybridization to a radioactive SV40
DNA probe. Digestion with restriction endonu-
clease BamHI or Haell yielded bands in tracks
containing hybrid DNAs that were not detect-
able in tracks containing adenovirus type S
DNA. These bands hybridized specifically to a
radioactive SV40 DNA probe. Figure 3 shows
DNA isolated from hybrid virions analyzed in a
similar manner. Digestion with endonuclease
Tacl, EcoRl, or Bgll yielded bands which were
not present in the adenovirus type 5 DNA tracks
and which hybridized to SV40 DNA. In the case
of the EcoRI and Bgll digests (both cut SV40
DNA once), one of the novel bands comigrated
with unit length, linear SV40 DNA. When the
hybrid DNA was digested with Tacl, an enzyme
that cleaves adenovirus type S DNA more than
50 times but does not cut the SV40 genome, a
series of bands was produced, the largest of
which was equivalent in length to about 80% of
adenovirus type 5 DNA. The other bands mi-
grated through the gel as a ladder whose mem-
bers differed in length by roughly integral multi-
ples of one linear SV40 genome. These data are

reminiscent of those obtained with Ad2**HEY
(10), and they suggest that the Ad5* *D1 hybrid
population is heterogeneous and consists of vi-
ruses whose genomes contain tandem insertions
of SV40 and differ from each other by one unit
length of SV40 DNA.

The genetic stability of the Ad5**D1 popula-
tion was determined by further subcloning of
one of the original six plaque-purified virus
stocks. All derivatives of this stock that were
examined were found to contain populations of
DNA identical to the populations of the parental
isolates. Along with the observation that no
alteration in genome structure was detected dur-
ing serial passage, this result suggests that
Ad5**D1, like Ad2**HEY and Ad2**LEY
(10, 18), consists of a population of hybrids in
genetic equilibrium with one another.

SV40 sequences in the AD5**D1 genome. To
facilitate mapping of the SV40 sequences,
Ad5**D1 DNA was first digested with Tacl, an
enzyme that cleaves adenovirus type S DNA
more than 50 times but does not have a recogni-
tion site within the SV40 genome. The products
of this initial digestion were then cleaved with a
variety of endonucleases that are known to cut
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FIG. 2. Intracellular viral DNA was isolated from cells infected with Ad5**D1 by the Hirt method (8),
digested with BamHI or Haell, separated on a 0.7% agarose gel, transferred to nitrocellulose, and hybridized to
32p_labeled SV40 DNA. (A) Ethidium bromide-stained gel. (B) Pattern of hybridization to SV40 DNA. AdS,

Adenovirus type S DNA; hybrid, two separate plaque isolates of Ad5**D1 DNA.

SV40 DNA once (Fig. 4). Each enzyme yielded
three types of fragments that hybridized to 32P-
labeled SV40 DNA. (i) One type was a fragment
that hybridized only to SV40 DNA and migrated
through gels at a rate indistinguishable from the
rate of migration of unit length linear SV40
DNA. This result indicated that at least some of
the SV40 genomes in the hybrid DNA were
arranged as head-to-tail tandems. (ii) A second
type was small fragments that hybridized to
SV40 DNAs. Presumably these fragments repre-
sented the junctions between the viral DNAs.
However, it was not possible to determine
whether these fragments hybridized to adenovi-
rus DNA because of the background of frag-
ments produced by Tacl digestion of the adeno-
virus type S helper DNA. (iii) The third type was
a fragment whose size varied according to the
restriction enzyme used and which hybridized
only to SV40 DNA. These fragments formed a
series whose molecular weights increased as a

function of twice the distance between the
known site of cleavage and position 0.09 on the
SV40 genome. This result suggested that each
member of this series of fragments consisted
exclusively of SV40 DNA sequences arranged in
the form of an inverted repeat. The axis of
symmetry within each of these fragments
mapped at position 0.09 on the SV40 genome.
These observations led to the map of the SV40
insert shown in Fig. 4. Note that digestion of the
hybrid genome with BamHI (Fig. 4) yielded a
fragment of about 600 base pairs that was not
detected in the experiment described above. The
existence of this fragment was verified by using
a different experimental approach. Ad5**D1
DNA was digested with BamHI, fragments were
labeled with polynucleotide kinase and [y-
3ZPJATP and separated on an agarose gel, and
bands were visualized by autoradiography (data
not shown).

Adenovirus type S DNA sequences in the
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FIG. 3. Ad5**D1 virions were purified by centrifugation to equilibrium in CsCl gradients. DNA was
extracted from the virions with 0.5% sodium dodecyl sulfate and 1 mg of pronase per ml, digested with
endonucleases Tacl, EcoRI (RI), and Bgll, separated on a 0.7% agarose gel, transferred to nitrocellulose, and
hybridized to 32P-labeled SV40 DNA. (A) Ethidium bromide (EtBr)-stained gel. (B) Corresponding hybridiza-
tion pattern. (C) Longer exposure of the undigested (Undiges.) and Tacl-digested DNA tracks of (B), showing
the various forms of the hybrid virus (Hyb). AdS, Adenovirus type; SV40 ComlIII, SV40 component IIl DNA.

Ad5**D1 genome. To identify the adenoviral
sequences within the hybrid virus genome,
Ad5**D1 DNA was cleaved with restriction
endonucleases, and the resulting fragments were
separated by gel electrophoresis, transferred to
nitrocellulose filters, and hybridized to 3?P-la-
beled DNA probes. Some filters were hybrid-
ized sequentially to different probes as described
above.

Cleavage of the recombinant genomes with
EcoRI and BamHI yielded three and two bands,
respectively, which were not present in digested
adenovirus type 5 DNA. In each case, only one
of the fragments hybridized both to labeled
SV40 DNA and to adenovirus DNA (Fig. 5);
therefore, this fragment must have contained a
junction between the two viral DNAs. The
BamHI fragment of the Ad5**D1 genome con-
taining the junction was purified by gel electro-
phoresis, nick translated by using 3?P-labeled
deoxynucleoside triphosphates, and hybridized

to a nitrocellulose filter containing fragments of
adenovirus type S DNA generated by digestion
with Smal, HindIIl, or Xbal (Fig. 6). We ob-
served hybridization to all fragments that
mapped on the adenovirus type 5 genome to the
left of map position 0.11; no hybridization was
detected to fragments derived from the remain-
der of the genome. These data suggest that
Ad5**D1 (i) contains only one junction between
adenovirus sequences and SV40 sequences and
(ii) contains adenovirus sequences that are de-
rived exclusively from the left end of the adeno-
virus type 5 genome. These sequences must
extend through position 0.079 (the junction of
HindIIl fragments G and E) but can go no
further than position 0.11 (the junction of Smal
fragments F and N). Therefore, the junction
fragment between adenovirus type 5 and SV40
DNAs contains between 2,765 and 3,885 nucleo-
tides of adenovirus type 5 sequence.

To verify the symmetric structure of the hy-
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FIG. 5. Ad5**D1 and adenovirus type 5 (Ad5)
DNAs were digested with endonucleases BamHI and
EcoRl, and the fragments were separated on 0.7%
agarose gels and transferred to nitrocellulose. One
filter was hybridized to 3?P-labeled SV40 DNA, and
the other was hybridized to 3?P-labeled adenovirus
type 5 DNA. (A and C) Ethidium bromide-stained gels
that were run in parallel. (B and D) Patterns of
hybridization to 3?P-labeled SV40 DNA and 32P-la-
beled adenovirus type 5 DNA, respectively. The dia-
gram at the bottom indicates the structure of the
hybrid virus (Hyb), showing the sites of cleavage for
EcoRI (O) and BamHI (x). (A) The white arrowhead
indicates the band in the BamHI digest of hybrid DNA
that hybridized to both probes. The EcoRI fragment
that hybridized to both probes was slightly larger than
this BamHI fragment. ComlIII SV40, SV40 component
III DNA.

brid genome, Ad5**D1 DNA was denatured
with formamide and allowed to renature into
snapback structures as described above. Sam-
ples of DNA were then treated with S1 nuclease
alone, endonuclease Tacl alone, or S1 nuclease
followed by Tacl. The resulting fragments of
DNA were separated by gel electrophoresis,
transferred to nitrocellulose, and hybridized to
32p_labeled SV40 DNA. After autoradiographs
were made (Fig. 7), the SV40 probe was re-
moved from the nitrocellulose with formamide,
and the DNA on the filter was then hybridized to
32p.labeled adenovirus DNA. The data de-
scribed below relate to the most prominent
bands in Fig. 7. The minor bands all behaved as
predicted from the structure of Ad5**D1. Na-
tive Ad5**D1 DNA had a size identical to that
of wild-type adenovirus type S DNA. Denatured
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and renatured DNA (snapback DNA) was ap-
proximately one-half as large as wild-type ade-
novirus type 5 DNA, a result which is consistent
with the idea that the hybrid genome is an
inverted repeat. Treatment of snapback DNA
with S1 nuclease did not detectably alter the size
of the molecule, verifying that the majority of
this DNA must consist of double-stranded se-
quences. From the data shown in Fig. § and 6,
we predicted that treatment of native Ad5* *D1
DNA with Tacl would reduce its size by approx-
imately 20%. Under the conditions used, this
difference was not resolvable. We also predicted
that treatment of snapback DNA with Tacl
would reduce its size by 10% (from 50 to 40% of
adenovirus type 5 DNA). This shift is clearly
shown in Fig. 7. These data indicate that the
SV40 DNA sequences are located at the center
of the Ad5"*D1 genome, and they provide
further evidence that the genome of the hybrid
virus is an inverted repeat, with adenovirus
DNA sequences flanking multiple copies of
SV40 sequences, as shown in Fig. S.

This structure was confirmed by the data in
Fig. 8. Figure 8 A shows the pattern of hybridiza-
tion of 32P-labeled adenovirus type 5 DNA to a
Southern transfer of Ad5**D1 DNA which had
been denatured, allowed to snapback, treated
with S1 nuclease, and then digested with SstI or
Kpnl. Also shown are the results of digestions of
adenovirus type S DNA with the same restric-
tion enzymes. Figures 8B and C show the same
nitrocellulose filter hybridized to *2P-labeled ad-
enovirus type S DNA or a purified fragment of
DNA derived from the left end of the adenovirus
type 5 genome (0 to 0.094 map unit). The junc-
tion fragment in each digest that hybridized to
both adenovirus DNA and SV40 DNA is indicat-
ed (Fig. 8A through C, asterisks). The fragment
that contained the center of symmetry of
Ad5**D1 and hybridized to SV40 DNA is also
indicated (Fig. 8A, X). In addition, we detected
a fragment in the Kpnl digest corresponding to
unit length linear SV40 DNA (not marked). Both
adenovirus DNA probes hybridized only to frag-
ments from the left end of the adenovirus
genome (Fig. 8B and C), and these fragments
(fragments H and A) are indicated in Fig. 8A
through C and also in the schematic representa-
tion of the restriction map of the leftmost 23.5%
of the adenovirus type 5 and Ad5* D1 genomes
shown at the bottom of Fig. 8. These data are
consistent only with the structure shown in Fig.
S.

Sequence of the junction between adenovirus
type 5 and SV40 DNAs. A Bgl/II-BamHI fragment
of the genome of the hybrid virus containing the
junction was cloned into the BamHI site of
pBR322. Closed circular plasmid DNA was iso-
lated, digested with endonuclease HindlIII, and
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FIG. 6. Adenovirus type 5 (AdS) DNA was digested with endonucleases Smal, HindlIll, and Xbal, separated
on a 1% agarose gel, and transferred to nitrocellulose. The BamHI fragment of Ad5**D1 containing the junction
of the viral DNAs (see Fig. 5) was purified by gel electrophoresis, nick translated with 32P-labeled deoxynucleo-
side triphosphates, and used to probe the nitrocellulose filters. Restriction maps of the adenovirus type 5 genome
for each enzyme used are illustrated at the bottom. Each line represents the adenovirus type 5 genome, and the
solid boxes correspond to the portions that hybridized to the 3?P-labeled junction fragment probe. Hyb, Hybrid

virus.

end-labeled with [a-*?P]JdATP by using the
Klenow fragment of Escherichia coli DNA poly-
merase 1. The labeled DNA was then digested
with endonuclease EcoRlI, and the resulting frag-
ments were separated by gel electrophoresis.
The asymmetrically labeled fragment containing
the junction was then isolated and sequenced by
the method of Maxam and Gilbert (13) (Fig. 9).
The adenovirus type 5 sequences present in
Ad5**D1 ended at nucleotide 3,534. SV40 se-
quences began at nucleotide 1,102 and extended
counterclockwise around the genome to about
map unit 0.09. Between the adenovirus type §
and SV40 sequences the dinucleotide AA was
found (Fig. 10). We cannot say which viral

genome donated this dinucleotide to the hybrid
since both contained this sequence at this posi-
tion.

DISCUSSION

We have described the arrangement of the
genome of a newly isolated adenovirus type 5-
SV40 hybrid. This genome is a symmetric struc-
ture in which sequences derived from the left
terminus of adenovirus type S DNA flank 5.5
copies of the SV40 genome as shown in Fig. 11.
These SV40 DNA sequences are arranged in the
form of two head-to-tail tandems, approximately
2.7 genomes in length, which point from differ-
ent directions toward an axis of symmetry at the
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center of the genome. Therefore, the entire
DNA molecule is arranged in the form of a giant
inverted repeat which is some 35,000 nucleo-
tides in length. Deuring et al. (3) have described
a similar structure that consists of repetitive
sequences of human DNA flanked by some 700
to 1,100 nucleotides derived from the left end of
the adenovirus type 12 genome. By contrast,
Ad5**D1 contains 3,534 base pairs of adenovi-
rus type 5 DNA at each end of its genome. This
region of the adenovirus type S chromosome
contains the sequences necessary for transfor-
mation of cells (early region 1a and part of early
region 1b), an origin of DNA replication (21),
and packaging signals (5, 6). Early region 1a is
also an important control region and specifies
products that are necessary for the expression of
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the remainder of the viral genome. It is conceiv-
able that by carrying two copies of this region of
the adenovirus type 5 genome Ad5* *D1 gained
some selective advantage over other Ad5-SV40
hybrids that might have been present in the
original monkey-adapted population, either at
the level of DNA replication, in control of
expression of the genome, or in packaging of the
viral genome into particles.

Throughout our experiments, DNA was pre-
pared and examined on many separate occa-
sions. Each preparation yielded the same pat-
tern of bands, indicating that the AdS**D1
population is stable with respect to deletions and
rearrangements of the genome. When intracellu-
lar DNA prepared by the Hirt method was
compared with DNA prepared from virions, we
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FIG. 7. Viral DNAs purified from virions or by Hirt extraction were left untreated, formamide denatured (10
wg in 0.35 ml), and allowed to snapback; then they were treated with S1 nuclease alone, Tacl alone, or Tacl after
treatment with S1 nuclease. The resulting DNAs were separated on a 0.7% agarose gel, transferred to
nitrocellulose, and hybridized to a 3?P-labeled adenovirus DNA probe (A). The probe was then denatured from
the DNA on the nitrocellulose filter as described in the text and hybridized to a 3P-labeled SV40 DNA probe (B).

AdS, Adenovirus type 5.
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FIG. 8. Ad5**DI1 (snapback molecules) and adenovirus type 5 (Ad5) DNAs were digested with endonuclease
Sstl or Kpnl, separated on a 1.0% agarose gel, and then transferred to nitrocellulose. The filter was successively
hybridized to 3?P-labeled SV40 DNA (A), 32P-labeled adenovirus type 5 DNA (B), and purified 32P-labeled BglII
fragment D of adenovirus type 5 (C), which extends from the left end of adenovirus type 5 to 9.4%. After
autoradiography of the filter, the probe was removed from the filter as described in the text and then hybridized
to the next probe. The fragments marked with asterisks represent fragments containing the junction between the
viral DNAs. H fragments were authentic Kpnl or SstI left-end H fragments from the adenovirus type 5 genome.
Both types of fragments are illustrated in the schematic restriction maps at the bottom. The fragment labeled X in
the Kpnl digestion and SV40 hybridization (A) was the fragment which corresponded to the point of symmetry.
The strongly hybridizing band in the same lane corresponds to SV40 component III DNA.

found slight differences in the proportions with
which the various members of the Ad5**D1
family were represented. DNA prepared from
virions showed a predominance of the species
that had 5.5 copies of SV40 DNA in the inser-

tion. This was also the most abundant species in
intracellular DNA, although the variance in
abundance was much less dramatic. Therefore,
it seems that the longer form of the hybrid
genome is preferentially packaged into virions.
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FIG. 9. Sequence of the junction fragment of
Ad5**D1. pAdSVJ-6 DNA was digested with HindIII
and end-labeled by using [a-32P]JdATP and the Klenow
fragment of E. coli DNA polymerase 1. Labeled DNA
was digested with EcoRI and separated on a 1.2%
agarose gel (low melting temperature), and the largest
fragment was isolated. DNA was sequenced as de-
scribed by Maxam and Gilbert (13).

When we looked further at the forms of hybrid
DNA present in virions, we found that the
hybrid DN As containing an odd number of SV40
genomes (i.e., 5.5, 3.5, or 1.5 copies) were
represented more frequently than the hybrid
DNAs that contained an even number of SV40
genomes (4.5 or 2.5 copies). This result suggests
that there is some preference in packaging for
hybrid DNA which is of a certain size or is
entirely symmetric in structure. At present we
do not understand the factors that are involved
in this phenomenon.

The adenovirus type 5 and SV40 DNA se-
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quences around the junction sites in the hybrid
genome were examined for any sequence homol-
ogy which might exist. Five of six nucleotides at
the junction were identical in the two viral
genomes (Fig. 10). Although this amount of
homology is small, its proximity to the junction
is striking. A similar degree of homology has
been observed between SV40 DNA and an un-
occupied site of integration in the rat genome
(16). Therefore, it is possible that such small
regions of homology are sufficient to bring DNA
molecules in mammalian cells infected with
SV40 into a position suitable for recombination.
However, no homologies have been found at the
junctions of at least five other adenovirus-SV40
hybrids that have been examined. Furthermore,
in all cases analyzed (Ad2*ND1dp1,2,3 [J. Sam-
brook, unpublished data]; Ad2**HEY, Ad-
2**LEY, and Ad2*D1 [19, 22; L. Ling, M.
Manos, and Y. Gluzman, submitted for publica-
tion]), the nucleotide sequences of SV40 DNA
on one side of the junction have no homology
with the adenovirus sequences on the other. All
of these data indicate that adenovirus-SV40 hy-
brids were generated by illegitimate recombina-
tional events between the two viral DNAs much
like those which seem to occur during integra-
tion of SV40 or adenovirus DNA into the ge-
nomes of cells (17).

The symmetric structure of the AdS**Di
genome is so unusual and complex that we
imagine that it was not the initial product of
recombination between adenovirus type S DNA
and SV40 DNA, but rather was generated from a
progenitor adenovirus-SV40 hybrid genome.
The parental molecule would necessarily have
contained the junction between nucleotide 3,534
of adenovirus type 5 DNA and nucleotide 1,102
of SV40 DNA. SV40 sequences would have
extended through 0.09 map unit into an intact,
unit length, linear copy of the SV40 genome.
The proposed parental molecule might then have
returned into the adenovirus sequences, or it
may have contained still another copy of linear
SV40 DNA. The proposed model by which the
Ad5**D1 genome might have been generated is

s/

rrea
[} '
HybridGA.'\ATGTGTGGGCGTGGC]?C/A
[
A5 GAAATGTGTRAGCARTARGCTT

3534

FIG. 10. Very limited sequence homology was observed at the junction of the viral DN As, as indicated by the
dashed lines. The adenovirus type 5 (Ad5) sequences end at position 3,534, and SV40 begins at nucleotide 1,102.
It is impossible to say which viral genome contributed the dinucleotide TT at the center of the junction since this

structure is present in both viral genomes.
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FIG. 11. Structure of the recombinant genome of
Ad5**D1. The genome is comprised of 3,534 nucleo-
tides from the left end of the adenovirus type 5 (AdS)
genome covalently joined to SV40 DNA at nucleotide
1,102. There are approximately 2.7 copies of SV40
DNA, which are then inverted, and the entire struc-
ture is repeated. The adenovirus sequences are indi-
cated by the lines, and the SV40 sequences are indicat-
ed by the boxes. The center of symmetry (C) is
indicated and resides at about 0.09 map unit on the
SV40 genome. The SV system (17) of numbering for
SV40 is used throughout.

shown in Fig. 12. The parental adenovirus-SV40
hybrid molecule would initiate replication from
the origin at the conventional left end of the
adenovirus genome (Fig. 12C). Replication
would continue through the adenoviral se-
quences and into the SV40 sequences. At some
point while the growing replication fork was still
within the SV40 DNA, we propose that the
polymerase switched strands and began to repli-
cate the complementary strand of DNA, as
indicated in Fig. 12D. A second round of replica-
tion could then begin (Fig. 12E), resulting in the
formation of (i) a newly replicated parental mol-
ecule (Fig. 12F) and (ii) the symmetric product
of the template switching event, which would
remain paired to one of the original parental
DNA strands. Replication of this molecule
would yield a double-stranded symmetric mole-
cule (Fig. 12G) that could lose or gain copies of
SV40 DNA by homologous recombination to
generate all of the various forms which are in
equilibrium in the Ad5**D1 population. An
alternative model (2) involves the breakage of
the parental molecule during replication. The
broken end of DNA might then serve as a self-
primer to allow the formation of a hairpin struc-
ture, which in turn could replicate to produce
the symmetrically arranged hybrid genome.

By whatever mechanism they were originally
generated, the structures of Ad5**D1 and the
adenovirus type 12-human DNA recombinant
suggest the possibility that one could construct
in vitro an adenovirus vector that might carry
large segments of foreign DNA. By creating the
appropriate restriction sites within the DNA
sequences of the left end of adenovirus DNA,
one might use such a vector to introduce up to 30
kilobases of a DNA of interest with high efficien-
cy into mammalian cells.
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FIG. 12. Model proposing the origin of Ad5**D1.
(A) The structure represents a hypothetical adenovi-
rus-SV40 hybrid showing the parental molecule from
which Ad5**D1 was generated, as illustrated. The
molecule contains sequences of adenovirus type S
DNA to nucleotide 3,534, joining the SV40 genome at
nucleotide 1,102. The numbers above the structure
represent SV40 map units, and those below are per-
centages of the adenovirus type 5 genome. (B) Paren-
tal molecule as a double-stranded DNA. (C) Replica-
tion of the molecule has begun. During replication the
polymerase ‘‘jumped’’ strands and continued replicat-
ing by using the complementary strand as its template
(D). Replication of this structure would generate a
newly replicated parental molecule and a symmetric
strand that would remain bound to the other parental
strand (E). Further replication would generate a sec-
ond parent molecule (F) and a new double-stranded
symmetric recombinant molecule (G).
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